A new method for urea detection in surface and tap waters using LC-OCD-OND was developed. It could be shown that urea, ammonia and nitrate could be separated chromatographically from each other and from NOM (natural organic matter). A direct quantification at its specific retention time is possible using custom-made detectors for nitrogen and for organic carbon. Further, urea can be detected indirectly as urea is transformed to ammonia after enzymatic hydrolysis with urease. After sufficient contact time for complete hydrolysis to ammonia (about 320 minutes) urea concentration can be calculated on the basis of the additional ammonia measured by LC-OCD-OND. The limit of detection of urea as mass was determined as 4 ppb for natural waters and 1 ppb for deionised waters.
INTRODUCTION
Urea is a ubiquitous 'civilisatory' compound. About 80 to 90% of nitrogenous matter excreted by mammals via the kidney is urea. It is by far the most important synthetic fertiliser (Smil ) . Urea is also an ingredient of many consumer products, including soaps, detergents and ointments. Urea is not considered harmful but, apparently, fermentation of juices containing urea (e.g. via degradation of arginine) may lead to the formation of ethyl carbamate which is considered carcinogenic at higher concentrations.
The US Food and Drug Administration has released recommendations to minimise levels of ethyl carbamate in wine (Butzke & Bisson ) , and techniques are described to remove urea from wine by immobilised urease (Andrich et al. ) .
Urea is considered an important contaminant in the production of ultrapure water (UPW) for the semiconductor industry (Rydzewski ) because urea not only contributes to organic carbon, but it also releases ammonium, upon heating, which may negatively affect the lithographic process. Urea is non-ionic (not removed by ion exchange) and very low in molecular weight (poorly retained by reverse osmosis). No economic technique yet exists to remove traces of urea from water.
Urea plays an important role in the marine nitrogen cycle, and numerous papers on the analysis of urea in seawater are known and have been reviewed (Revilla et al. ) . Two different approaches have been described. They are a direct approach, based on a colour reaction of urea with diacetylmonoxime, and an indirect approach based on the quantification of released ammonium after enzymatic reaction with urease. Both methods are well worked out and sensitive down to the ppb-range. Both methods should also be applicable to fresh water. A literature search with the keywords 'urea þ tap (or drinking or potable) water' did not For the analysis of urea, the same system setting was used except for the mobile phase which was five times weaker in ionic strength. This opens the retention window for urea: nitrate elutes earlier (owing to stronger ionic repulsion of anions in the weak cation exchange column) and ammonium later (owing to stronger ionic attraction of cations in the weak cation exchange column). An earlier design of this set-up was used for the analysis of urea in ultrapure water at the ppt-level (Huber ).
The LC-OCD-OND system is normally used for the characterisation of humic and non-humic NOM. As an example, the chromatogram of a surface water (River Pfinz, Karlsruhe, Germany) is shown in Figure 2 for all three detectors. The bypass peak at 5 min is produced by a (pressure driven) capillary bypassing the column with 10% of liquid flow. This allows the calculation of matter 'lost' on the column.
Water samples and reagents
For assessing detection and determination limits of urea in natural water, sample tap water from Karlsruhe, Germany, was used. This is ground water taken at a depth of 60 m.
The water had an average contact time in the aquifer of around 6 months. As reagents, urease from soy beans (1.3 U mg À1 ; Fluka # 94280) and urea (microselect; .95%; Fluka # 51456) were used.
RESULTS AND DISCUSSION
Identification of urea with LC-OCD-OND in deionised water Figure 3 shows the most important findings for organic carbon detection. For simplification, results for UVD were omitted.
Chromatogram 'A' is for urea alone dissolved in deionised and DOC-free water (weighed-in concentration 750 ppb as mass). The OCD signal area corresponds to 155 ppb as mass C which gives a calculated value of 775 ppb for mass urea (mass/C-ratio: 5.0), or a recovery of 103%. The OND signal area corresponds to 315 ppb as mass N, which gives a calculated value of 734 ppb for mass urea (mass/N ratio: 2.14), or a recovery of 98%.
On the molar basis the ratio is 1.90 which is slightly lower than the theoretical value of 2 owing to an excess recovery in OCD. Two conclusions can be drawn from these findings: (i) urea is recovered quantitatively from the column; and (ii) urea is quantitatively converted to carbon dioxide in the OCD and nitrate in the OND. 
Identification of urea with LC-OCD-OND in natural waters
In natural water samples the N/C ratio can often not be used for identification owing to co-eluting NOM compounds. If the ratio is 2 then it points to urea, if it is less then urea may be overlain by other organic matter. Irrespective of this, the urease degradation test should be a decisive criterion for identification. Figure 4 shows a natural surface water before and after spiking with urease (648 ppb as C).
As in the previous test we find a slightly lower value for urea (À3 ppb N) and a slightly higher value for ammonium Detection and determination limits Figure 5 shows a graph of the calibration functions for urea and ammonium obtained with OND in the ppb range from 10 to 100 ppb using deionised water as matrix. The graph shows that calibration is linear and slopes are identical. As for both species N was converted to nitrate in the UVoxidation lamp, the finding is as expected. It shows also that both species can be quantified down to the ppb level.
For assessment of detection and determination limits, LODs and LOQs (limit of detection, limit of quantification)
were determined according to DIN   () for n ¼ 6 and 95% probability. Using the calibration curve method, concentrations of urea of 2, 4, 5, 6, 8 and 10 ppb, respectively, were added either to deionised water (run 1) or to tap water (Karlsruhe, Germany) which is -according to our analyses -devoid of urea and can be used as blank water.
The LOD in deionised water was 1 ppb urea, while in tap water it was 2 ppb. The LOQ in deionised water was 2 ppb urea. In tap water it was 7 ppb.
Occurrence of urea in natural waters
It is too early to make general statements on the distribution of urea in natural waters. Only a few analyses have been carried out to date, but some broad assumptions can be made. Diffuse sources would be run-off of urea from top soils spread with fertiliser or manure, or run-off from roads if urea is used as de-icing agent. Point sources would be primary to tertiary effluents. Thus it is likely that urea will be found in most surface water systems if these are influenced by human activity.
As an example, the occurrence of urea in a riverine system is shown in Figure 6 to illustrate high spatial variability in a river system fed from a single catchment area. Urea concentrations as urea-N (mass urea is urea-N Â 2.33) vary from 21 ppb N to 488 ppb N. This shows that point sources play an important role in urea distribution. Figure 6 depicts another aspect which has not been raised before.
Concentrations for urea and ammonium correlate quite well. While it is possible that both species originate from the same source, the degradation of urea to ammonium in the water bodies by ubiquitous urease is an aspect that has not yet been considered.
Occurrence of urea in tap waters
A selection of different tap waters was analysed to determine the concentrations of urea depending on the raw water resource and the respective water treatment scheme. It was assumed that its occurrence is related to the origin of the water. Should the tap water contain proportions of surface water, including river bank filtrate, the probability is higher that urea is present. For ground waters the likelihood of the presence of urea was considered to be very little since ground waters are in longterm contact with microbial communities living in the aquifer.
The assumptions could be confirmed (Table 1) . Tap water 1 (DW 1) is from a deep well, urea is below the detection limit and also nitrate concentration is extremely low (,2 ppb urea-N). DW 2 and DW 3 are from shallow wells and there is also no urea found; DW 4 is from a bank filtrate; DW 5 is a blend of surface and ground water; DW 6 is largely from surface water; while DW 7 is wastewater/reclaimed water from a pilot plant. It is speculated that urea could be an interesting marker compound for human impact. Provided that contribution of wild mammals to urea is negligibly low, then it can be said that urea in natural waters reflects input from human activities from effluents, from farmers spreading fertiliser or manure, or from authorities using urea as de-icing agent.
SUMMARY
Future research should include the distribution of urea in both pristine aquatic systems and those subject to human influence, degradation rates in wastewater treatment plants, urease degradation kinetics and the behaviour of urea in different water treatment processes. 
